We investigated a nodulin 26-like protein NIP2;1, which belongs to the third subgroup of Arabidopsis aquaporins. Histochemical analysis of a promoter-b-glucuronidase fusion revealed the root-specific expression of NIP2;1. The NIP2;1 protein was detected in young roots, but not in leaves, stems, flowers or siliques. The transient expression of NIP2;1 linked with green fluorescent protein in Arabidopsis cultured cells showed its putative endoplasmic reticulum (ER) localization. NIP2;1 expressed in yeast cells had low water channel activity in the membranes. NIP2;1 may function as a water channel and/or ER channel for other small molecules or ions.
Water transport across the membranes of various organisms is facilitated by aquaporins (King et al. 2004) . Aquaporins that are located on the plasma membranes of animal cells have been extensively investigated and shown to be involved in the transcellular transport of water. Plant aquaporins are present in various tissues, and play a role in water transport, cell differentiation and cell enlargement (see reviews by Chaumont et al. 2005 , Luu and Maurel 2005 , Kaldenhoff and Fischer 2006 . Functional regulation of several plant aquaporins has also been reported (Chaumont et al. 2005 , Luu and Maurel 2005 , TornrothHorsefield et al. 2006 . Some plant aquaporins have been shown to transport not only water but also various small molecules such as CO 2 (Hanba et al. 2004, Kaldenhoff and Fischer 2006) .
Plant aquaporins comprise a large protein family (Luu and Maurel 2005 , Chaumont et al. 2005 , Sakurai et al. 2005 . Plant aquaporins have been classified into four major subfamilies: plasma membrane intrinsic proteins (PIPs), tonoplast intrinsic proteins (TIPs), nodulin 26-like intrinsic proteins (NIPs), and small and basic intrinsic proteins (SIPs). PIPs and TIPs have been studied extensively. Nine NIPs (NIP1;1-NIP7;1) consisting of 274-305 amino acid residues have been reported in Arabidopsis thaliana (hereafter referred to as Arabidopsis). The NIPs except for NIP6;1 show extremely low expression (Alexandersson et al. 2005) . NIPs are divided into two groups according to the architecture of their selectivity filter: subgroup I (NIP1;1, 1;2, 2;1, 3;1, 4;1 and 4;2) and subgroup II (NIP5;1, 6;1 and 7;1) Roberts 2004, Wallace et al. 2006) . The predicted pore structure of subgroup I is similar to that of Glycine max nodulin 26 (GmNOD26), which facilitates the membrane transport of both water and glycerol (Dean et al. 1999) . Arabidopsis NIP1;1 and NIP1;2 have glycerol permease activity (Weig and Jakob 2000) . Arabidopsis NIP5;1, a member of subgroup II, is localized to the plasma membrane and functions as a boric acid channel to take up boron in the roots (Takano et al. 2006) . Rice NIP2;1, whose nearest ortholog in Arabidopsis is AtNIP7;1 and different from AtNIP2;1, has been demonstrated to have silicon transport activity (Ma et al. 2006) .
In the present study, we examined the subcellular location of NIP2;1 by fusion with green fluorescent protein (GFP), and the water channel activity of membrane vesicles of yeast expressing NIP2;1. Furthermore, we discuss the architecture of the substrate selectivity filter. The results provide insight into the physiological roles of NIP2;1 that showed the lowest expression level among Arabidopsis NIP genes in a DNA microchip analysis (http://plantst. genomics.purdue.edu/). Arabidopsis NIP2;1 (DDBJ/GenBank TM /EBI accession No. Q8W037; locus ID, At2g34390) is predicted to consist of 288 amino acid residues. Antibodies against an internal sequence of NIP2;1 (AEPEFSKTGSSHKR) were prepared. There are no other sequences identical to this antigen peptide in Arabidopsis. The extract from yeast cells with NIP2;1 gave a band at 30 kDa, but not in the Fax, presence of the corresponding authentic peptide (Fig. 1) . The molecular mass was close to the calculated value (30.6 kDa). Thus we concluded that the antibody can be used as an anti-NIP2;1 antibody. The crude membrane fraction from Arabidopsis plants showed a clear band at 34 kDa (Fig. 1C) . The upper band of around 80-100 kDa was also weakened in the competition assay. Thus the band might be a tetrameric form of NIP2;1, because the aquaporin retains the tetrameric forms even in the presence of SDS (Maeshima 1992) . The difference in the size between the recombinant protein and NIP2;1 in plant tissues might be due to some covalent modification such as phosphorylation. It should be noted that no sugar chains were found in NIP2;1 protein by lectin affinity blotting (data not shown).
In order to examine the tissue-specific expression, we performed promoter-b-glucuronidase (GUS) analysis of the NIP2;1 gene. Three lines of transgenic plants were examined, and a typical staining result is shown in Fig. 2 . There was strong GUS activity in the roots stained for 30 min to 4 h, but the other tissues did not show the activity. GUS activity was detected in most cells in the roots and it was markedly high in the root elongation zone and the stele, which is the central vascular cylinder of the roots.
We quantified the relative amounts of NIP2;1 protein immunochemically (Fig. 2G) . A substantial level of NIP2;1 was present in only the microsomal fraction of 2-week-old roots. Leaves, stems and flower organs did not show an immunostained band of 34 kDa. In the present experiments, we applied high sensitivity reagents for immunoblotting, because the amount of NIP2;1 was too low to detect by regular reagents. Although additional bands were detected at 30 and 50 kDa, these may be due to the high sensitivity method and not to NIP2;1.
These results indicate that NIP2;1 is predominantly expressed and translated in the roots. This is in agreement with the transcript levels obtained by DNA microchip analysis (www.genevestigator.ethz.ch) (Zimmermann et al. 2004) , indicating a correlation between transcript and protein levels, although the mRNA levels of NIP genes including NIP2;1 was reported to be extremely low among aquaporin genes (Alexandersson et al. 2005 , Wallace et al. 2006 .
In order to determine the subcellular location, we prepared a fusion construct of NIP2;1 with GFP and transiently expressed this in suspension-cultured cells originating from Arabidopsis roots. The green fluorescence pattern had a tubular/reticular/sheet shape in the cells 8 and 10 h after transformation, whereas the fluorescence of free GFP was dispersed throughout the cytosol and nucleus (Fig. 3) . The tubular/reticular/sheet shape of the NIP2;1-GFP fluorescence pattern is typical of the plant endoplasmic reticulum (ER), especially in suspensioncultured cells (Takeuchi et al. 2000) . In most cases, the ER membrane is observed as reticular/sheet shapes in the cytoplasmic space surrounding vacuoles and the nucleus. In a similar experimental system, an ER membrane marker AtSec22 ( Fig. 3D ) and Arabidopsis SIPs were shown to be localized to the ER membrane; the fluorescence pattern of the GFP-tagged NIP2;1 was identical to that of AtSec22 (Fig. 3D ). We examined 415 cells expressing NIP2;1-GFP and observed a similar pattern of green fluorescence in most cells. The present result therefore strongly suggests that NIP2;1 is mainly located in the ER membrane. As mentioned above, the NIP2;1 protein was detected only in the young roots and its content was very low. It was hard to determine the subcellular Root-specific, ER-localized Arabidopsis NIP2;1distribution of NIP2;1 by sucrose density gradient centrifugation of the crude membrane fraction. Takano et al. (2006) recently demonstrated that Arabidopsis NIP5;1 is localized to the plasma membrane and is responsible for the uptake of boric acid in the roots. In the present experiment, Arabidopsis NIP2;1 was found to be localized to the ER membrane. We also confirmed the plasma membrane localization of AtNIP5;1 in the same experiment as NIP2;1. Therefore, the subcellular localization of each NIP protein may be diverse.
Membrane vesicles prepared from yeast cells expressing NIP2;1 were assayed for osmotic water channels. The accumulation of NIP2;1 was confirmed by immunoblotting (Fig. 4) . The swelling rate of vesicles in the hypotonic solution was monitored by the decrease in light scattering. The vector control showed a slow influx of water into the membrane vesicles. NIP2;1 slightly enhanced the permeability by 50%, while radish aquaporin RsPIP2;2 showed high activity (Suga and Maeshima 2004) . This may explain the relatively low water channel activity of NIP2;1. Wallace et al. (2006) estimated that NIP2;1 has a phosphorylation site (SKTGS) in its C-terminal part. The effect of phosphorylation on the water channel activity of NIP2;1 remains to be examined.
Recently, many high-resolution models have been reported for aquaporins and aquaglyceroporin, and the molecular dynamics of water and glycerol permeation have been simulated. For example, the high permeation selectivity of the E. coli water channel aquaporin-Z (AqpZ) (Jiang et al. 2006 ) was well characterized. A hydrophilic pore-lining residue (His174 in AqpZ) is critical for rapid water transport but hinders passage of glycerol (Sui et al. 2001) . Fig. 5 shows the structural model of NIP2;1 based on the AqpZ structure. His174, Thr183, Arg189 and Phe43 of AqpZ form a constriction pore. This region is known as the aromatic/Arg (ar/R) selectivity region, because the aromatic amino acid residue in transmembrane domain 2 (TM2) and arginine in TM5 face each other to form a selective filter (Wallace and Roberts 2004) . Unlike His174 of AqpZ, NIP2;1 and an aquaglyceroporin of soybean (GmNOD26) have an aliphatic residue, Val213 and Val197, respectively (Fig. 5F ). In addition to a set of NPA motifs, two other structural elements are thought to be involved in water-selective permeability: (i) the pore size restriction site (His174 of AqpZ and His180 of AQP1); and (ii) the site of electrostatic repulsion to protons (Arg189 of AqpZ and Arg195 of AQP1) (Kozono et al. 2002) . Thus, the ar/R region is critical for channel selectivity. The arginine residue is conserved in the ar/R filter of NIP2;1 (Arg228) but the histidine residue is replaced with valine (Val213) (Fig. 5D ). These differences indicate that NIP2;1 has a wider pore size than AqpZ. Rat AQP6 is converted from an anion-specific channel to a water-selective channel by replacement of Asn60 with glycine at TM2 (Liu et al. 2005) . In various organisms including plants, the glycine residue corresponding to the Asn60 of AQP6 is conserved. The glycine residues in both TM2 and TM5 may be essential to make a tight crossing point between the two TMs. Therefore, the typical aquaporin fold might be maintained in NIP2;1. The present study showed that Arabidopsis NIP2;1 is predominantly expressed in young roots and the protein is mainly localized to the ER membrane. The structure of the construct region of NIP2;1 is similar to GmNOD26 and different from the typical aquaporins such as AqpZ. Thus, NIP2;1 may function as an aquaglyceroporin or an ER channel for other small molecules or ions. The transport substrate for NIP2;1 might be different from NIP5;1, which transports boric acid (Takano et al. 2006) , since NIP5;1 was estimated to have a larger pore than GmNOD26 (Wallace and Roberts 2004) . NIP2;1 may be involved in the active cell elongation in the root elongating zone, where many kinds of organelles and cell wall are actively synthesized through the ER. SIPs are also reported to be ER-localized aquaporins ). Further investigation is needed to determine the precise functions of these aquaporins in the ER. Root-specific, ER-localized Arabidopsis NIP2;1gift from Dr. Masaaki Umeda, was cultured in MS medium at 228C in the dark (Kobae et al. 2004) . Individual organs of 2-or 8-week-old Arabidopsis plants were used to prepare membrane fractions .
Materials and Methods

Seeds of
A peptide corresponding to the internal region of Arabidopsis NIP2;1 (positions 269-282, AEPEFSKGSSHKR) was synthesized. The peptide was linked with carrier protein and injected into rabbits. The peptide and antibody were prepared by Operon Biotechnology (Tokyo, Japan). Protein samples were subjected to SDS-PAGE and immunoblotting. The blots were visualized with horseradish peroxidase-coupled protein A and high sensitivity immunoblot reagents (Pierce Biotechnology, Rockford, CA, USA).
A GFP fusion protein was constructed by amplifying a cDNA for NIP2;1 by PCR using the following primer set: 5 0 -CACCATGGATGACATATCAGTGAGCAA-3 0 (forward) and 5 0 -CAGAGGAAGATCGGTAACTCGTTTATGAGAA GAT-3 0 (reverse). The resulting fragment was inserted into pENTR/D-TOPO (Invitrogen, Carlsbad, CA, USA) followed by the destination vector New-pUGW5 (developed by Dr. T. Nakagawa) to generate a fusion construct with GFP at the C-terminus of NIP2;1. GFP-tagged Sec22 was prepared as described previously .
For expression of NIP2;1 in suspension-cultured Arabidopsis cells, protoplasts were prepared from cells cultured for 5 d as described previously . Protoplasts containing the plasmid of the GFP fusion protein were incubated at 238C for 8 to 12 h in the dark. The GFP fluorescence was visualized with a Fluoview FV500 confocal laserscanning microscope (Olympus, Tokyo, Japan).
For expression of NIP2;1 in plants, a GUS fusion construct was made by amplifying the putative promoter of NIP2;1 (À1,959 to þ108 from the predicted start codon) from genomic DNA by PCR using the primers: 5 0 -CACCGGAGAT CGATTATGTTTGTGTAATGC-3 0 (forward) and 5 0 -TGACTCG TGTTTGTTGGAAGGAAGATAAGT-3 0 (reverse). The resulting fragment with the additional sequence CACC at the 5 0 terminus was ligated into the binary vector pGWB203 (developed by Dr. Tsuyoshi Nakagawa), which contains the DNA sequence for GUS, in order to produce a translational fusion product. The chimeric constructs were introduced into Agrobacterium tumefaciens strain GV3101::pMP90 (C58C1) by electroporation and used to transform Arabidopsis plants . Transformants were selected on plates containing 40 mg ml À1 Benlate (Sumitomo Chemical, Osaka, Japan), 0.20 mg ml À1 Cefotax (Chugai Pharmaceutical, Tokyo, Japan), 50 mg ml À1 hygromycin and 30 mg ml À1 kanamycin. Three lines of T 2 plants were used for the GUS analysis. Plants were grown for 2 weeks, incubated with 90% (v/v) acetone for 30 min at À208C and then stained .
For heterologous expression in yeast, an EcoRI-SalI fragment of NIP2;1 cDNA was inserted into the yeast expression vector pKT10 (Tanaka et al. 1990 , Nakanishi et al. 2001 . The resulting plasmids were introduced into yeast, Saccharomyces cerevisiae strain BJ5458, and crude membranes were prepared after culture for 8 to 12 h at 308C (Suga and Maeshima 2004) . The crude membranes were used for testing the antibody specificity.
Yeast cells expressing NIP2;1 were cultured for 13 h at 308C and collected by centrifugation at 4,500Âg for 5 min. Crude membrane fraction was prepared from yeast cells and suspended in 50 mM Tris-HCl (pH 7.2), 450 mM mannitol, 90 mM KCl and 1 mM EDTA . The osmotic water permeability of membranes was measured by stopped-flow spectrophotometry (Model SX18MV, Applied Photophysics, Surrey, UK) at 208C (Suga and Maeshima 2004) .
For protein homology modeling, a tetrameric structure of E. coli AqpZ (Protein Data Bank code 1RC2) (Savage et al. 2003) was used as the template. Using data obtained from multiple sequence alignments, the amino acid sequence of NIP2;1 was threaded through the template in a Swiss Protein Data-base ; the lower box contains aquaporins from Arabidopsis (AtPIP2;1 and AtPIP1;2) and human (HsAQP1). The middle box shows NIPs from Arabidopsis (AtNIP2;1 and AtNIP1;2) and soybean (GmNOD26). The five specific positions (P1-P5) proposed by Froger et al. (1998) are indicated at the top. Aquaglyceroporin-type amino acid residues are marked with white boxes and aquaporin-type amino acid residues with black boxes. Residues corresponding to Val213 and Arg228 of AtNIP2;1 are marked with blue boxes.
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